Fine fibers from amphibian atrium were mounted in a microperfusion chamber and loaded with 42 K, followed by a rapid, nonisotopic wash during which the preparation was stimulated electrically. The stimulus was triggered and the "cold" effluent collected by a high-speed rotary fraction collector. Thus effluent corresponding to the same time interval in the cardiac cycle was always collected in the same tube. Large numbers of cycles were thus summed, decreasing the error in the tracer assay. Mechanical systole, previously shown to produce an artifact in the tracer efflux profile, was suppressed or prevented by various means. Under these conditions, a prolonged decrease in 42 K efflux was observed, corresponding in time to the plateau of the action potential. Experiments were also carried out with 22 Na, 40 Ca, and 82 Br, all of which showed primarily a single, positive efflux peak with its maximum within the first 50 msec of the action potential. Cell membrane permeability to K + appears to be markedly voltage dependent; and a diminished membrane permeability to K + apparently plays an important part in the generation of the plateau of the cardiac action potential.
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• A number of attempts have been made in recent years to study the transmembrane ionic flux patterns, particularly K + efflux, during the cardiac cycle by a combination of tracer and rapid sampling techniques (1) (2) (3) (4) (5) (6) (7) . This work appears to have been flawed in part by the contractile event, which introduces a significant artifact in the tracer efflux profiles (4, 5, 7) . In the present study, various means were employed to suppress or prevent contraction. In addition, muscle preparations of very small From the Department of Physiology, University of Minnesota, School of Medicine, Minneapolis, Minnesota 55455.
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Received November 4, 1971 . Accepted for publication January 7, 1972. diameter were employed in an effort to minimize diffusion times within the fiber, and the rate of turnover of the liquid within the perfusion chamber was greatly increased. Under these circumstances, K + tracer efflux exhibits an initial brief augmentation followed by a marked suppression which lasts for approximately the duration of the plateau of the action potential, and then returns to the resting level along an exponential time course.
Materials and Methods
The method is similar in principle to that used previously by us and by others (1) (2) (3) (4) (5) . Fine fibers from the atrium of the bullfrog (Rana catesbeiana) were used throughout. This preparation has been shown to function for several days in a steady state with respect to mechanical activity and tissue K + (8) . Loading with tracer was followed by a rapid nonisotopic wash during which the preparation was stimulated electrically. The stimulus was triggered and the effluent collected by a high-speed precision rotary fraction collector. Consequently, effluent corresponding to the same time interval in the cardiac cycle was always collected in the same sample tube. Usually 60 or 120 cycles were summed in this way, giving a favorable signal-to-noise ratio in the determination of the tracer. (On the basis of previous experiments [8] it is estimated that approximately 75% of the tracer remains in the fiber after the nonisotopic wash.) The essentials of the system are presented in Figure 1 . The contractile event, which was shown to produce an artifact in the tracer efflux profile (5), was suppressed in most experiments by omitting Ca 2+ or adding Ni 2+ (9) to a normal or low Ca 2+ Ringer solution. In other experiments, a high resting tension and the frictional drag of the perfusion stream were the only factors operating to reduce the distortion due to the mechanical event. In preliminary experiments employing a sensitive tension-measuring system (8) it was shown that the solutions employed to suppress contraction produced complete quiescence within a few cardiac cycles. Fibers immersed in the inhibitory solutions for periods corresponding to the exposure time during an experiment showed prompt recovery when returned to the normal medium. The normal Ringer solution employed throughout had the following composition (HIM): NaCl 110, KC1 2.5, CaCl 2 1.1, MgSo 4 1.87, Na 2 HPO 4 1.65, NaH 2 PO 4 0.37, glucose 5.5; pH 7.4. All experiments were carried out at 21°' ± 1°C.
Diagram of the perfusion system (not to scale
Radioassay was carried out in a Packard liquid scintillation spectrometer, Model 3375, each aqueous sample of about 3.4 ml being mixed with approximately 4 volumes of scintillation liquid (Aquasol, New England Nuclear Corp.).
Detailed studies of the transmembrane potential were carried out under conditions approximating those of the various efflux experiments to permit correlation of tracer profiles with the electrical events of the cardiac cycle. Sources and preparation of the isotopic solutions, composition of the normal Ringer fluid, recording of transmembrane potentials and other experimental details have been given previously (3, 5, 8) , or will be mentioned in the text, where appropriate.
Results

EFFLUX PROFILES OF POTASSIUM-42
In 12 experiments in which contraction was suppressed by omitting Ca 2+ uniformly exhibited a small augmentation with its peak in the first fraction (50 or 100 msec) of the cycle. This was followed by an abrupt decrease of approximately 500-1500 msec after which ensued a rapid return to resting values. The rates of decrease and increase in activity during these latter two phases could be fitted by a single exponential. The more usual tracer efflux pattern from actively contracting preparations, reminiscent of earlier results (5), is shown in Figure 4 . The flow record displays significant fluctuations during the period corresponding to the contractile event, while the tracer efflux shows a shallow, irregular augmentation during the same period. Also shown in Figure 4 is the 42 K efflux pattern from the same preparation following suppression of the contractile event by a combination of Ni 2+ and low Ca 2 + . The typical prolonged depression is seen.
Two experiments in which both the mechanical and electrical response were abolished by perfusion with isotonic sucrose showed no fluctuations in 42 K efflux.
ACTION POTENTIALS IN SOLUTIONS WITH NICKEL AND WITHOUT CALCIUM
Since it is technically impossible at present to measure the transmembrane potential in the same preparation in which the tracer study is being carried out, the effects of the various contraction-inhibiting solutions on the characteristics of the action potential, primarily the duration, were studied in similar preparations suspended in an open chamber accessible to the impaling electrode and bathed in a flowing Ringer solution of the desired composition. Ringer's solutions, respectively. Although considerable variation was sometimes noted between different preparations, the order illustrated in the figure was usually observed in any given preparation. Plateaus measured 200-400 msec less than the total action potential. In favorable experiments in which the rate of development of the change in duration could be followed, it was found that the prolongation induced by the absence of Ca-+ approached full development in approximately 60 seconds and that due to Ni 2+ in a similar period. These effects were promptly reversed by return to the normal medium.
TRACER AND ELECTRICAL RECOVERY RATES
Whereas the initial change in 42 K efflux following the stimulus is a biphasic event consisting of a brief positive and prolonged negative wave, recovery to resting values follows an uncomplicated course to which a single exponential can be fitted. The initial phase of electrical recovery from the plateau to the level of the resting potential can also be described by a single exponential. Table 1 
EFFLUX CURVES WITH OTHER TRACERS
Bromide-82.-In five experiments in which contraction was suppressed by either a combination of Ni 2+ and low Ca 2+ or solely by absence of Ca 2 + , tracer efflux displayed a single early positive peak. In three experiments carried out at 50-msec resolution, the efflux peak occurred in the first fraction of the cycle. These experiments provided a total of six cycles in which the recovery slope from the early peak could be fitted with a single exponential, yielding a half-time of 28 ± 2 msec (± 1 SE). Data from one of these cycles is presented in Figure 6 .
Sodium-22 and Calcium-45.-Preliminary experiments with these tracers have yielded sharp positive peaks with a maximum in the first 50 msec of the cycle. The initial rapid decline appears to be followed by a period of more gradual return to resting values.
Discussion
The principal questions which require an answer concern the relation of t h e observed tracer efflux profiles to those that actually occur at the membrane and the fidelity with which the tracer record represents the movement of carrier ion. Concerning the early, positive tracer peak noted with all ionic species tested, the limitations of sampling time (50 msec minimum) permit one to conclude only that the event occurs within the first 50 msec of the cardiac cycle. Since the mechanical latency of the preparation employed is of the order of 100 msec, the early spike cannot be related to incompletely suppressed mechanical activity. Rather, it seems reasonable to suppose that it coincides with the depolarizing spike of the action potential. Although the 82 Br peak cannot be interpreted in terms of quantitative anionic efHux, the prominent tracer transient suggests that Ch efflux may make a measurable contribution to membrane depolarization in the amphibian atrium.
The relation of 42 K to K + flux in the present work may be inferred from prior studies of 42 K exchange kinetics in the amphibian atrial trabecula (8) . The bulk of cellular K + (90-9556) in this preparation behaves as an apparently kinetically homogeneous compartment which exchanges directly with the extracellular space. If we assume that the tracer in the present experiments arises predominantly from this compartment, which would appear to be a reasonable assumption, then the observed tracer patterns (with the possible exception of the early spike) should correspond closely with changes in carrier flux. In this connection it is interesting to note that Fozzard and Sleator (11) employing membrane resistance measurements in guinea pig atrial muscle, have constructed a K + efflux curve that closely resembles the present results.
Since measurements of tracer movements and the action potential cannot be made simultaneously, the relationship of the K + flux pattern to the electrical event must be inferred from potential measurements made separately but under similar conditions. As shown in Plot of relative permeability on a logarithmic scale against membrane potential in millivolts. Permeability is calculated from the "constant field" equation (12) (13) (14) , Figures 2, 3 , and 5, the durations of the two events exhibit a correspondence over a range of approximately 500-1500 msec and, of the several ions studied, K + is the only one that shows a prominent positive inflection corresponding to the period of electrical repolarization. Similarity of the time course of repolarization and the tracer recovery slope (Table  1 ) strengthens the conclusion that the augmentation in K + efflux occurs simultaneously with repolarization. Based on the previously determined absolute flux rates for K + (8) and an assumed membrane capacity of 3 /uf/cm 2 , the increase in outward K + current involved in regaining the resting K + efflux levels should be ample to account for membrane repolarization. However, in the absence of independent quantitative data on K + influx, the net outward K + current (if any) during repolarization cannot be determined with certainty.
During the period in which membrane depolarization increases the electrical gradient for outward movement of K + , this ion actually exhibits a sharp reduction in efflux, a response indicative of a diminished membrane permeability to K + . When the relative permeability of the membrane to K + is calculated using the "constant field" equation (12) (13) (14) , it is seen to be strongly dependent on membrane potential (Fig. 7) . It may be suggested that the initial depolarization, through an effect on fixed charges in the membrane, produces a potential-dependent change in the conformation of membrane structures involved in the "channels" for K + transport, and that the resulting sharp drop in membrane permeability to K + plays an important part in the generation of the plateau of the action potential. The results of exchange kinetics studies (8) are consistent with a diminished influx as well as efflux during this period. Since the exchange kinetics studies were carried out in preparations contracting normally in a balanced Ringer's solution and since the characteristic 42 K efflux profile has appeared in the present studies both in the presence and absence of the contraction-suppressing solutions, we conclude that the observed changes in tracer movement reflect physiological fluctuations in K + transport.
